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Abstract. For rehabilitation of existing concrete structures, knowing the strength of the different 
elements is mandatory. According to EN 13791, the assessment of the compressive strength of ‘old’ 
structures, that are to be modified, can be performed by (i) destructive testing of drilled cores with 
varying amounts depending on the involved concrete volume and the test purpose, and (ii) 
calibrated indirect methods by combining destructive core drilling with non- or semi-destructive 
techniques. The use of core-drilling is a time-consuming method that is labor-intensive and weakens 
the existing concrete structure, leaving a lasting impression on the concrete structure. As an 
alternative, many different non- and semi-destructive techniques are available for the in-situ 
determination of compressive strength.  
 
An experimental program is conducted on 7 concrete slabs intended for various exposure classes 
(according to EN206-1 and NBN B15-001). The techniques, besides destructive core drilling and 
testing (according to EN 12504-1), that were used in this study are the rebound hammer, the 
ultrasonic pulse velocity tester and the Windsor probe. This study will investigate the possible 
correlation between the output of these different techniques and the destructively determined 
compressive strength.  
 
The study showed that the technique that provided the most promising results in determining the in-
situ strength was the semi-destructive Windsor probe. However, by combining the ultrasonic pulse 
velocity or the Windsor probe with the rebound hammer (the SonReb-method or PenReb-method 
respectively), also promising results were obtained.  
 
 
 
 
 
 
 
 
 
 
 Introduction 
 
Currently there are many different techniques that can be used to determine the in-situ compressive 
strength of concrete without damaging the structure in a significant way [1]. The development and 
evaluation of these techniques are very important to determine the existing strength of concrete 
structures e.g. in the scope of renovation projects, for assessing the demoulding time or in case of 
building pathology issues. The long-term purpose is that these non-destructive techniques (NDT’s) 
will supersede the destructive core-drilling procedures (DT’s). The advantages of NDT’s are the 
reduction of labor consumption for testing, a decrease in labor consumption of preparatory work, a 
smaller amount of structural damage, a possibility of testing concrete strength in structures where 
cores cannot be drilled and application of less expensive testing equipment, as compared to core 
testing. The use of core-drilling is a time-consuming method that is also very labor-intensive [2]. 
Furthermore this destructive method leaves a lasting and unwanted impression on the concrete 
structure [3].  
 
Others studies regarding NDT’s conclude that the correlation-curves (results of NDT’s vs. actual 
concrete strength) provided by the manufacturer do not always correspond to the actual value [4, 5]. 
The previously mentioned advantages of NDT’s are of no value if the results are not reliable, 
representative, and as close as possible to the actual strength of the tested part of the structure [1]. In 
this study some frequently used  non- and semi-destructive techniques will be investigated and 
compared. The output of these devices will be used to set up correlation curves, which will then be 
compared to some existing correlations. The testing equipment that was used in this study was the 
rebound hammer (RH, analogue and digital), the ultrasonic pulse velocity tester (UPV), the 
resistivity meter (RM) and the Windsor probe (WP). The results immediately showed that the RM 
was unsuitable to predict the compressive strength, while the digital RH provided better results than 
the analogue one. In this paper, only the results and discussion of the RH (digital), the UPV and the 
WP are included. 
 
The main purpose of this study is to determine which NDT is the most reliable and appropriate to 
use on site. By testing and comparing the mentioned techniques on concrete slabs with varying 
strength classes, these frequently used NDT’s will be evaluated. Thereafter, multiple correlation-
curves will be created. The output of the different devices will be statistically analysed in order to 
define which technique is the most reliable. By combining the results with multiple other studies it 
will be possible to provide statements of different testing techniques. 
 
Not only the use of single devices will be investigated but also the effect of combining two methods 
to predict the compressive strength of an existing concrete structure will be evaluated, e.g. the 
SonReb method which combines UPV en RH will. This method provided promising results in the 
past [6, 7, 8]. 
 
Selected NDT’s: an overview 
 
For this study three techniques were examined for their capability to determine the in-situ 
compressive strength of concrete slabs: the ultrasonic pulse velocity tester (UPV), the rebound 
hammer (RH) and the Windsor probe (WP). Note that only the first two techniques are entirely non-
destructive. As the probe of the Windsor technique remains in the concrete surface, leaving a 
remaining impression, this technique is often categorized as semi-destructive (SDT). 
 
    
Figure 1. Use of the Windsor probe (left), the rebound hammer (middle) and the UPV (right) 
 
Acoustic methods are based on the propagation of sound waves and mainly vary in frequency 
bandwidth of the emitted and detected signals and thus in spatial resolution. It is a common used 
technique which consists of a wave emitter and a signal receiver. For most of the acoustic methods, 
the propagation time of the impulses is measured. A high pulse velocity will result in a good quality 
concrete and therefore a higher compressive strength than when the pulse velocity is rather low. The 
path of the ultrasonic pulse depends of the position of the emitter and the receiver: these can be 
placed in direct, semi-direct (Figure 1 (right)) or indirect position. The acoustic methods include 
ultrasonic, impact–echo, and acoustic emission techniques. In this study, only ultrasonic techniques 
(UPV) were used. The standard NBN EN 12054 (Part 4) describes the use of this NDT. 
 
The rebound hammer (RH) measures the rebound of a spring-loaded mass impacting against the 
surface of a concrete sample or structure (Figure 1 (middle)). The test hammer will hit the concrete 
at a defined energy, and the rebound of the mass is recorded: the rebound number. The higher this 
number, the harder the surface. A high surface hardness indicates a type of concrete with a high 
compressive strength. Due to its simplicity and low cost the RH is the most widely used NDT for 
concrete. Rebound measurement consists in a direct mechanical solicitation of the structure. The 
rebound value is correlated with the hardness of the near-surface concrete. A correlation exists 
between the compressive strength of standard cubes and the rebound number obtained by the RH. 
However, this correlation is not unique and has to be modified for different devices or different 
conditions of testing. The standard NBN EN 12054 (Part 2) describes the use of this NDT. 
 
The Windsor Probe system (WP) is a probe penetrating measurement which estimates the concrete 
compressive strength of a structure by driving a probe into the concrete with a known amount of 
force. This force is generated by a gun powder actuated driver that forces the metallic probe into the 
concrete structure (Figure 1 (left)). The strength of the concrete is then linked to the exposed length 
of the pin. The higher the exposed length of the probe, the higher the strength. The standard ASTM 
C803 describes the use of this SDT. 
A variety of influencing factors should be considered in case these techniques are used in practice 
(Table 1). Therefore, the standard NBN EN 13791 demands the use of destructive core drilling and 
compressive testing of the cores (according to NBN EN 12054 (Part 1)) in case the strength of the 
existing concrete structure has to be known. The determination of the concrete strength class solely 
by using NDT’s is not allowed. However, the amount of cores to be drilled can be reduced by 
combining destructive drilling and results of NDT’s. In that case a concrete site dependent 
correlation curve should be established [3, 9].  
 
 
 The UPV, RH and WP can provide an efficient means to estimate concrete strength. As mentioned 
before, the quality of estimation may be affected by some errors and uncertainties, and different 
parameter can affect the reliability of the concrete strength estimation [1, 2, 5]. An overview of 
these affecting parameters is given in Table 1, ranked as high-moderate-low influence (++/+/0). 
 
Table 1. Parameters influencing the UPV, RH and WP measurements 
 
Parameter UPV RH WP 
Destructiveness NDT NDT SDT 
Concrete composition    
     Aggregates  -    Content 
- Size 
- Origin (density, hardness) 
++ 
+ 
++ 
0 
+ 
++ 
+ 
+ 
++ 
     Cement        -    Content 
- Type 
0 
0 
0 
0 
0 
0 
    Others          -     W/C-ratio ++ 0 0 
Concrete related properties    
     Concrete age (hydration degree) + ++ ++ 
     Presence of rebars + + + 
     Presence of cracks and voids ++ ++ ++ 
     Carbonation 0 ++ + 
Other parameters    
     Thickness of the tested element ++ + 0 
     Surface roughness (e.g. formwork type) + ++ 0 
     Temperature 0 0 0 
     Relative humidity + + 0 
 ++ = high influence / + = moderate influence / 0 = low influence 
 
The main parameters of influence on the output of the UPV are the type, content and hardness of the 
aggregates, the presence of cracks/voids in the structure and the degree of hydration of the concrete. 
The water/cement ratio also affects the readings in pulse velocity. Furthermore relative humidity 
will also influence the output. The pulse velocity will increase up to 5% between dry and saturated 
test specimens [10]. 
As mentioned the RH method is a surface test. The condition of the surface will therefore have a 
high influence on the readings. Hence, it is recommended to treat the surface with an abrasive stone 
to remove these influences. Furthermore the type and the hardness of the aggregate and the 
carbonation, as it increases the surface hardness of the concrete will have a big influence on the 
rebound readings [11]. 
The main influence parameter on the WP test is the hardness of the coarse aggregates that were used 
in the mixture. When the probe is fired into a hard aggregate it is much more difficult to penetrate 
the concrete [12]. Besides the aggregate type, the age and the presence of cracks/voids will also 
have an impact on the readings.  
 
Table 1 clearly shows the high number of influencing factors for each method. A combination of 
methods is inspired by these factors: which combination can (partially) neutralize or avoid some of 
these influences?  The SonReb method is such an example, where the combination of UPV and RH 
partially neutralizes the influence of the moisture content. 
 
 
 
 Experimental research program 
 
Concrete composition and sampling 
 
To draw up reliable correlations, it is necessary to do measurements on mixtures with varying 
compressive strengths. Therefore 7 different mixtures are made for this study with strength classes 
varying from C12/15 to C50/60. The properties of these mixtures are given in Table 2. These 
concrete mixtures are frequently applied in Belgium for different environments.  Limestone 
aggregates are used (max. grain size 22 mm), except for mixture C25/30 (which used porphyry 8 
mm).  
 
Table 2. Concrete mixtures 
 
Strength class Exposure Slump Aggregates Cement *V.M. [kg/m³] 
**A.C. 
[%] 
C12/15 EI S4 Limestone         22 mm 
CEM III/B 42.5 
N   LH SR LA 2297 - 
C20/25 EE1 S3 Limestone         22 mm 
CEM III/B 42.5 
N   LH LA 2360 1,4 
C25/30 EE2 S3 Poprhyry       8 mm 
CEM III/B 42.5 
N   LH LA 2255 2,1 
C30/37 EE3 S3 Limestone         22 mm 
CEM I 52.5 R    
+ CEM III/B 
42.5 N   LH LA 
2379 1,6 
C35/45 EE4 S3 Limestone         22 mm 
CEM III/A 42.5 
N   LA 2316 2 
C40/50 EE4 S3 Limestone         22 mm 
CEM I 52.5 R    
+ CEM III/A 
42.5 N   LA 
2366 1,5 
C50/60 EE4 S4 Limestone         22 mm 
CEM I 52.5 R    
+ CEM III/A 
42.5 N   LA 
2372 1,6 
*V.M. Volumetric Mass of the fresh concrete 
**A.C. Air Content of the fresh concrete 
 
Out of each composition 2 slabs (dimensions 600 x 600 x 100 mm) are cast resulting in 14 slabs in 
total. These slabs are cured in a temperature controlled environment (20 °C), covered with a plastic 
sheet to prevent drying, until the age of 90 days. 
 
To determine the actual compressive strengths of the concrete slabs, 4 cores (diameter 105 mm, 
height 100 mm) were drilled out of each plate. After the drilling the cores are polished and loaded to 
failure and the compressive strength is determined by means of compressive testing according to 
NBN EN 12504-1.  
 
 Experimental program 
 
UPV, RH and WP tests are performed on each slab at the age of 90 days. The sequence in which the 
tests should be done is important. As the WP is a semi-destructive test it should be carried out after 
the non-destructive UPV and RH. Since the impact of the WP might generate micro cracking in the 
concrete, this could have a high influence on the UPV and RH (Table 1). The ultrasonic pulse 
velocity test is the first test that will be carried out because it has no impact on the concrete. This 
test is followed by the rebound hammer and finally the Windsor probe penetration tests are 
executed. All tests were carried out in accordance with the previously mentioned standards, and the 
position of the different tests is identical for each slab. 
 
After the non- and semi-destructive tests the cores will be drilled out of the slabs. As mentioned 
before four cores will be taken out of each slab. To determine the actual compressive strengths of 
the concrete slabs, 4 cores (diameter 105 mm, height 100 mm) are drilled out of each plate. 
Afterwards the cores are polished and loaded to failure. The compressive strength is determined by 
means of compressive testing according to NBN EN 12504-1.  
 
 
   
Figure 2. Destructive core drilling (left) and polishing of the cores (right) 
 
By using formula 1, according to NBN B15-001, the compressive strengths of the cores fccore can be 
converted into the cube compressive strength fccube150 (needed for determination of the strength class 
according to NBN EN206-1) by taking into account the differences in dimensions between core and 
cube (e.g. form factor). 
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With: 
 fccore = compressive strength of the cores (N/mm2) 
 fccub150 = cube compressive strength (N/mm2) 
 h = height of the cores (cm) 
 S = section of the cores (cm2) 
 
 
 
 Results and discussion 
 
In Table 3 the results of the individual tests on both slabs per strength class are given. The output of 
each test is linked to the corresponding compressive strength of the cores fccore. These values are 
converted to fccube150 values by means of the form factor expressed in Eq. (1). The results are linked 
to the test results of the UPV measurements (direct, semi-direct and indirect measuring), the RH 
measurements and the WP measurements.  
Regression analysis is performed the obtain the best fitting curve between destructive and non-
destructive test results (Table 4, Figure 3, Figure 4 , Figure 5). To quantify the reliability of the 
correlation of one method specifically, the coefficient of determination (R²-value) and the standard 
deviation (shown in the graphs) are calculated. The coefficient of variation (Cv-value) can be used to 
compare the accuracy of the different  NDT/SDT methods. The most optimal method has a high R²-
value, a narrow 95% confidence interval and a low Cv-value. 
 
Table 3. Results of the destructive and non-/semi-destructive tests 
 
Strength class fccore           [MPa] 
fccub150           
[MPa] 
UPV            
direct        
[m/s] 
UPV            
semi-
direct     
[m/s] 
UPV            
indirect       
[m/s] 
RH        
[-] 
WP     
[mm] 
C12/15 19,1                 19,2 
17,7    
17,8 
3630      
3576 
4087       
4281 
3362       
3712 
44      
43 
#         
# 
C20/25 36,1         35,8 
33,5       
33,4 
4144 
4047 
4479    
4341 
3616  
4320  
51      
49 
43,4    
44,0 
C25/30 42,1     42,9 
39,2     
39,9 
4217   
4213 
4504    
4326 
3799   
4211 
49    
50 
47,2   
45,9 
C30/37 68,3        62,3 
63,3         
58,0 
4458    
4588 
4792    
5116  
4759     
4939 
60    
59 
52,5    
53,7 
C35/45 57,9      56,3 
53,9     
53,0 
4674        
4634 
5045       
4976 
4873 
4499 
58     
58 
51,5    
52,4 
C40/50 76,1      67,5 
70,9      
66,6 
4646      
4536 
5109      
5215 
4651    
4768 
64    
61 
54,5    
55,2 
C50/60 71,1      71,4 
66,5         
66,7 
4840      
4948 
5021      
5256 
4777     
4843 
59    
60 
55,7    
55,5 
 
Table 4. Correlation curves of the DT vs. NDT/SDT and statistical analysis 
 
Method Equation R² Cv 
Windsor Probe 2,4629 e0,0601x 0,96 9,99 
UPV - direct 1E-15 x4,5433 0,92 10,67 
UPV - semi-direct 198,51 ln(x) – 1631,5 0,86 17,64 
UPV - indirect 0,0304x – 84,225 0,80 34,06 
Rebound (digital) 2,6609x – 96,754 0,96 23,96 
  
 
 
Figure 3. UPV (direct method) correlation curve 
 
 
 
 
 
Figure 4. RH (digital) correlation curve 
 
 
 
 It is clear that the indirect ultrasonic pulse velocity method is not suited for strength determination. 
The coefficient of determination is the lowest of all and the coefficient of variation is quite high 
(Table 4). The results showed that the direct method gives good results (Table 4, Figure 3). 
Therefore when possible (when two sides of the construction are accessible) the direct method is 
preferred. Literature mentions that, for the same mixture and compressive strength, the pulse 
velocity of rounded gravel should be higher than for crushed limestone [9, 10]. Therefore, the 
correlation curves obtained in this study are only applicable for limestone based concretes. 
 
The results of the rebound hammer are twofold. The high R²-value implies an excellent correlation, 
however the Cv-value is above 20% suggesting less accurate measurements than the WP and UPV 
direct and semi-direct methods. As far as the rebound hammer is concerned and when comparing 
the results with previously made studies, it is clear that the aggregate type will also have a big 
influence on the rebound numbers [11]. By comparing the results of this study by those of Kim et al. 
[11] it is clear that, for the same compressive strength, the rebound value for gravel-concrete will be 
higher than for limestone based concrete. This statement was confirmed by [1]. Furthermore, it is 
known that carbonation has a great effect on the rebound number: carbonation of concrete can lead 
up to 50% higher rebound readings [1]. Therefore, the correlation curves obtained in this study 
(Figure 4) are only applicable for limestone based concretes which are not carbonated. 
 
The Windsor probe seems to give promising results (Figure 5). The correlation that is found is 
excellent (Table 4). Secondly the coefficient of variation is beneath the 10% and therefore the 
lowest of all the tests that were carried out. This results in very accurate readings. It is clear from 
literature that the hardness of the aggregate will influence the penetration of the probe [12]. A hard 
aggregate should result in a highly exposed probe length for the same compressive strength. 
Therefore, the correlation curves obtained in this study (Figure 5) are only applicable for limestone 
based concretes. 
 
 
 
Figure 5. WP correlation curve 
 
 
  
 
Figure 6. Obtained SonReb curve for limestone based concrete 
 
 
 
Figure 7. Obtained PenReb curve for limestone based concrete 
 
 As mentioned before, some studies state that the combination of different NDT’s should provide 
more reliable results [6, 7, 8]. A well-known combined technique is the SonReb method: 
combination of UPV and RH. An increase of moisture content will result in an increase in pulse 
velocity but in a decrease of rebound number. The effect of the influence parameter will hence be 
minimized. By combining the results of this study Figure 6 is obtained, applicable for limestone 
based concrete. 
 
As the results of the WP and the (digital) RH were statistically the most promising ones in this 
study, the test data and correlation curves of those two techniques were combined into a PenReb 
curve (Penetration method combined with Rebound method), applicable for limestone based 
concrete (Figure 7). 
 
Conclusion 
  
In order to determine the in-situ strength of concrete structures, destructive drilling and testing of 
cores is needed. The use of core-drilling is time-consuming and also very labor-intensive and this 
destructive method leaves a lasting and unwanted impression on the concrete structure. The use of 
non-destructive techniques, NDT’s, can overcome these issues. 
 
In this experimentally based study three well known non- or semi destructive techniques were 
compared for their ability to estimate the in-situ strength of concrete structures: ultrasonic pulse 
velocity, rebound hammer and Windsor probe. The combination of destructive and non-destructive 
tests was performed on 90 days old concrete slabs (with limestone based aggregates). The results 
show that overall the Windsor probe generates the most reliable and accurate results. 
 
When a comparison to other studies is made, it can be concluded that the parameters of influence 
are quite unpredictable in most cases. Nevertheless, the aggregate type will have an influence in 
almost all cases. Therefore it is not possible to generate correlation curves applicable for all 
concrete types. 
 
However, by combining different non-destructive techniques it is possible to increase the reliability 
of the obtained correlation curves. 
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